Solutions to the chained galaxy problem and the observation of receding blue-shifted objects by Davis, T M et al.
Solutions to the chained galaxy problem and the observation of receding
blue-shifted objects
Tamara M. Davis, Charles H. Lineweaver, and John K. Webb
Dept. of Astrophysics, University of New South Wales, Sydney, 2052, Australia
ABSTRACT
The expansion of the universe is the basis of modern cosmology. However, there is
some disagreement about what the ‘expansion of space’ means. If space were a tangible
medium such as air or water that could drag things with it, one would expect that a
galaxy set up at rest with respect to us (a ‘chained galaxy’) when released, would recede
from us as it joined the Hubble flow of the other galaxies around it. We show, contrary
to this conception, that in many cosmological models the galaxy would approach us.
In the currently favored CDM model (cold dark matter) with (ΩM;ΩΛ) = (0:3; 0:7),
the unchained galaxy will recede as it joins the Hubble flow. In the previously favored
standard CDM model (ΩM;ΩΛ) = (1; 0), the galaxy approaches, passes through us
and joins the Hubble flow in the opposite side of the sky. We show that whether the
galaxy approaches us or recedes is determined by the acceleration of the universe, not
the expansion of the universe. In addition, we derive and explain the counter-intuitive
result that receding galaxies can be blue-shifted, approaching galaxies can be redshifted
and that in general, a chained galaxy at a constant proper distance will have a non-zero
redshift. We discuss the relativistic beams of extragalactic radio sources as candidates
for receding blue-shifted objects.
Subject headings: cosmology: theory, galaxies: distances and redshifts, relativity
1. INTRODUCTION
The interpretation of the expansion of the universe in general relativistic cosmology has pro-
duced a longstanding (Milne 1934; McCrea & Milne 1934; Layzer 1954) and ongoing controversy
(Harrison 1993; Kiang 1997; Hogg 1999; Peacock 2001). One aspect of this controversy can be
loosely summarized as follows: the majority view seems to be that the expansion of the universe
is synonymous with the expansion of space while another view is that space does not expand and
galaxies move through space.
The purpose of this paper is to clarify the nature of the expansion using a ‘chained galaxy’
problem as a worked example. We set up a distant galaxy at a constant distance from us and then
allow it to move freely. The essence of the question is, once it has been removed from the Hubble
flow, what eect, if any, does the expansion of the universe have on its movement?
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It is well known that peculiar velocities decay in an expanding universe. One could easily
misinterpret this as a force or ‘drag’ due to the expansion of space. This leads to the assumption
that, if a galaxy is set up at rest with respect to us and then unchained, the expansion of space
will drag it away from us until it joins the Hubble flow.
We show that the expansion of the universe has no eect on whether the unchained galaxy
approaches or recedes. This is determined by the acceleration of the universe: in a decelerating
universe the galaxy approaches us, while in an accelerating universe the galaxy recedes from us.
The expansion, however, is responsible for the galaxy joining the Hubble flow. We show why joining
the Hubble flow is not related to the direction the unchained galaxy moves with respect to us.
A dierent approach to the chained galaxy problem is discussed by Harrison (1995) who
computes the tension in the chain during a chained galaxy experiment and concludes that one can
extract ‘nascent’ energy from an expanding universe, energy that didn’t exist in any previously
recognisable form. Peacock (2001) makes the analogy between the general relativistic derivation of
several solutions to the chained galaxy problem and a Newtonian derivation and solves the chained
galaxy problem for several specic models. He uses these results to conclude that the ‘expanding
space’ explanation of the expanding universe is fundamentally flawed and maintains that locally,
recession velocities are kinematic (see also Peacock 1999). Like these papers, this work is an eort
to clarify the nature of the expansion of the universe.
A common, related question is whether clusters of galaxies, galaxies, or even our solar system
expand with the Universe. Cooperstock et al. (1998) come to the conclusion that even small bound
systems share in the expansion of the universe but that the eect is negligible. We do not address
the formation of overdensities, or how overdensities are patched into the homogeneous, isotropic
framework of the Robertson-Walker metric. This paper addresses only the more fundamental case
of the expansion of the universe in the absence of local overdensities.
In Section 2 we derive and illustrate solutions to the chained galaxy problem for arbitrary
values of the density of the universe ΩM and the cosmological constant ΩΛ. In Section 3 we address
the question \What redshift do we observe the chained galaxy to have?" One naively expects a
chained galaxy with zero velocity to have zero redshift. However, we derive the counter-intuitive
result that a chained galaxy at a constant proper distance will have a non-zero redshift. In Section 4
we discuss relativistic radio jets as examples of receding blue-shifted objects.
2. THE CHAINED GALAXY PROBLEM
Throughout this paper we assume an homogeneous, isotropic universe and general relativistic
cosmology. We only encounter radial distances, therefore the Robertson-Walker metric can be
simplied to
ds2 = −c2dt2 + a2(t)d2 (1)
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where c is the speed of light, t is proper time, a is the scale factor of the universe normalised to 1
at the present day, a(t0) = a0 = 1, and  is the comoving coordinate. With a normalized in this
way,  has the dimension of distance. Proper distance (distance along a constant time surface, see
for example Weinberg 1972) is D = a. Dierentiation with respect to proper time is denoted by
an overdot. Present day quantities are given the subscript zero.
Figure 1 illustrates the chained galaxy problem. The universe is expanding. Thus distant
galaxies are receding from us with recession velocities given by Hubble’s law: vrec = HD, where
H is the time dependent Hubble constant H = _a=a. We assume throughout that H0 = 70 km
s−1Mpc−1. Suppose we separate a galaxy from the Hubble flow by chaining it to our own galaxy
such that its proper distance from us remains constant. We neglect all practical considerations of
such a chain. It is simply used as a visualisation of the initial condition that the galaxy is held at
a constant proper distance. To negate the implicit assumption that ‘chains pull’, the chain should
also be rigid to keep the galaxy from approaching us. We dene total velocity, vtot, to be the change
in proper distance with proper time:
_D = _a + a _ (2)
vtot = vrec + vpec (3)
The peculiar velocity vpec is velocity with respect to the galaxy’s local comoving frame. This
corresponds to our normal notion of velocity and must be less than the speed of light. The recession
velocity vrec is the velocity of the Hubble flow at proper distance D and can be arbitrarily large
(Murdoch 1977; Harrison 1993). This is the velocity that appears in Hubble’s law (vrec = _a =
(_a=a) a = HD). The chained galaxy represents the initial condition that the total velocity with
respect to us is set to zero. The question is then \What will happen when we unhook the chain?"
Will the galaxy start to recede and gradually assume the Hubble flow? Or will it approach us?
2.1. The Solution to the Chained Galaxy Problem for Arbitrary (ΩM;ΩΛ)
A chained galaxy at an initial time t0 will have zero total velocity, _D0 = 0 or
vpec0 = −vrec0 (4)
a0 _0 = − _a00 (5)
The initial comoving coordinate 0 is arbitrary but must be such that the recession velocity
at that distance, and thus the initial peculiar velocity, is less than c.
After this initial condition is established we unchain the galaxy and let it coast freely. The
question is, \what happens then?" The peculiar velocity of an unchained galaxy decreases with
time as it ‘catches up’ with comoving galaxies that were initially receding from it. Quantitatively,
the momentum p with respect to the local comoving frame decays as 1=a (e.g. Padmanabhan 1996).
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This is the same as the familiar result that the momentum of a photon p = hc= decays as 1=a
resulting in the cosmological redshift  / a. For non-relativistic velocities p = mvpec , therefore
peculiar velocities decay as 1=a (for the relativistic solution see Appendix A),
vpec = vpec0 a
−1 (6)
a _ = − _a00 a−1 (7)∫ χ
χ0




















The integral can be performed numerically by inserting dt = _a−1da and _a0 where both are












+ ΩΛ(a2 − 1)
]1/2
; (11)
and a is derived by integrating the Friedmann equation (e.g. Felten & Isaacman 1986). The
normalised matter density ΩM = 8G0=3H20 and cosmological constant ΩΛ = 0=3H
2
0 are con-
stants calculated at the present day. Inserting the Friedmann equation introduces ΩM and ΩΛ into
equation (9) and equation (10), and thus sets the dependence on cosmological model.
Equation 10 provides the solution to the chained galaxy problem. Figure 2 shows this solution
for four dierent models. In the currently favoured, (ΩM;ΩΛ) = (0:3; 0:7), model the unchained
galaxy recedes. In the empty, (ΩM;ΩΛ) = (0; 0) universe, it stays at the same distance while in the
Einstein-de Sitter model, (ΩM;ΩΛ) = (1; 0), and the previously favoured (ΩM;ΩΛ) = (0:3; 0) model,
it approaches. Thus, the unchained galaxy acts dierently in dierent models; it can recede, but
it can also approach us. This is why we need a sti chain that can both push and pull to establish
the galaxy at a constant proper distance as an initial condition.
The various solutions for the dierent cosmological models can be better understood when
analysed in comoving coordinates. An object with an initial peculiar velocity joins the Hubble flow
in all universes which expand forever. The only dierence between its behavior in dierent models
is the extent of the comoving distance the unchained galaxy travels as a ! 1. Equation 9 is the
solution of the chained galaxy problem in comoving coordinates. This solution is plotted in Figure 3
for the four models shown in Figure 2 as well as for a recollapsing model, (ΩM;ΩΛ) = (2; 0). In
all models the comoving coordinate of the unchained galaxy always decreases. This is expected
since our initial condition, equation (5), specied a negative peculiar velocity. In each eternally
expanding model, the unchained galaxy ‘joins the Hubble flow’. We dene ‘joining the Hubble flow’
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to occur when the velocity through comoving space, _, of the galaxy asymptotically approaches
zero. That is, when limt!1 _ = 0 holds. This behaviour should be contrasted with collapsing
universes in which an unchained galaxy separates itself more and more from the Hubble flow (see
Appendix A, the (ΩM;ΩΛ) = (2; 0) model in Fig. 3 and the lower panels of Fig. 4). Joining the
Hubble flow can also be seen in equation (12) below, which as a ! 1 becomes vtot = _a = HD:
pure Hubble flow.
2.2. The Decay of Peculiar Velocity vs the Change in Recession Velocity
In all expanding models any peculiar velocity vpec = a _ decreases. This means that when time
is plotted against proper distance (e.g. Fig. 2, Fig. 4 & Fig. 5) the dierence in slope between the
worldline of the unchained galaxy and the worldlines of the comoving objects decreases. As the
peculiar velocity decreases it is easy to assume the recession velocity term of equation (3) would
begin to dominate, and the unchained galaxy would recede from us. However, this neglects the
fact that the recession velocity is also a dynamic quantity: when the recession velocity decreases
faster than the peculiar velocity, the peculiar velocity term dominates and the unchained galaxy
approaches us.
Both components of the recession velocity, _a and , change. Firstly, since the unchained galaxy
has a peculiar velocity towards us,  decreases. This always decreases the recession velocity. Sec-
ondly, the rate of the expansion of the universe _a, changes as the universe accelerates or decelerates.
This second feature is model dependent and can cause the recession velocity either to increase or
to decrease.
2.3. Only the Change in _a is Significant
Whether the unchained galaxy approaches us or recedes from us depends only on the change in
the _a component of recession velocity. This is because if a¨ = 0, the decrease in the peculiar velocity
towards us is perfectly balanced by the decrease in recession velocity which results from the galaxy
moving to lower . This balance can be seen in the following; recalling that vpec = vpec0=a = a _,
we have for a¨ = 0,
vtot = _a +
vpec0
a
= HD − H0D0
a
(12)





= _a _− _a
a
a _ (14)
= _a _− _a _ = 0: (15)
Thus there is no change in total velocity resulting from the decay of the galaxy’s peculiar velocity.
The galaxy neither approaches nor recedes from us if _a is constant, e.g. (ΩM;ΩΛ) = (0; 0) in Fig. 2.
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In equation (13) we assumed a¨ = 0. By removing this assumption we obtain a new term and
since all other terms add to zero (equation (15)) we have,







D¨ = −q H2 D; (18)
where the deceleration parameter q(t) = −a¨a= _a2. Simply dierentiating vtot = HD yields the same
result for D¨. That is, the unchained galaxy undergoes the same acceleration or deceleration as a
comoving object (see also Harrison (1995) equation (3)). Thus, whether the galaxy approaches us
or recedes from us depends not on the velocity of the Hubble flow, or the distance of the unchained
galaxy, but on the acceleration of the expansion (equation (18)). When q < 0, D¨ > 0 and the
galaxy recedes from us (the proper distance D increases). When q > 0, D¨ < 0 and the galaxy
approaches us (the proper distance D decreases). Finally, when q = 0, D¨ = 0 and the proper
distance stays the same, D(t) = D0, as the galaxy joins the Hubble flow. When the galaxy starts
with vtot 6= 0 the initial direction of motion should also be taken into consideration.
The upper panels of Figure 4 show how a changing deceleration parameter aects the unchained
galaxy. There is a timelag between the onset of acceleration (q < 0) and the galaxy beginning to
recede (vtot > 0) as is usual when accelerations and velocities are in dierent directions. Notice










− 1) + ΩΛ(a2 − 1)
]−1
; (19)
which for a(t0) = 1 becomes the current deceleration parameter q0 = ΩM=2 − ΩΛ. Thus, for
example, an (ΩM;ΩΛ) = (0:66; 0:33) model has q0 = 0, but q decreases with time, therefore the
unchained galaxy recedes.
2.4. Our Galaxy’s Position is Unimportant
The fact that in an (ΩM;ΩΛ) = (1; 0) universe the unchained galaxy falls through our position
and joins the Hubble flow on the other side of us has been interpreted as evidence against the
‘expansion of space’ concept (Peacock 2001):
\The particle moves inwards, in complete apparent contradiction to our ‘expanding
space’ conclusion that the particle would tend with time to pick up the Hubble expan-
sion. . . . In no sense, therefore, can ‘expanding space’ be said to have operated"
We have shown, however (equation (15)), that ‘picking up the Hubble expansion’ ( _ ! 0)
is not related to whether a galaxy recedes from us or approaches us. Therefore a galaxy which
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approaches us while joining the Hubble flow cannot be used as evidence either for or against the
‘expansion of space.’ Expansion alone has no eect on the proper distance to the unchained galaxy.
Rather, it is the acceleration or deceleration of the expansion of space which determines whether
the unchained galaxy recedes or approaches (equation (18)).
The unchained galaxy passes many comoving galaxies on its way to joining the Hubble flow. By
shifting the origin in Figure 2 to the initial position of the chained galaxy, (shifting to the reference
frame of Fig. 1b instead of the reference frame of Fig. 1a), we generate Figure 5. We are shown
to be just another comoving galaxy. We then see the important feature that in all these models
the unchained galaxy joins the Hubble flow, irrespective of whether it passes our position. Moving
the origin shows more clearly that the unchained galaxy might be more accurately described as
‘catching up’ with comoving galaxies, rather than being ‘dragged’ into the Hubble flow.
The concept that space is expanding is not in contradiction with the approach of an unchained
galaxy. Rather, our concept of expanding space should not include any type of ‘drag’ as if space
were some tangible medium such as air or water which produces frictional forces. The use of the
word ‘drag’ is more appropriate when forces or accelerations are involved as in equation (18) with
q 6= 0.
3. A CHAINED GALAXY WILL HAVE A NON-ZERO REDSHIFT
Consider galaxy II in Figure 1b. Galaxy II has a pecuilar velocity towards the left relative
to the inertial frame of the comoving galaxies I and III. Let rest be the wavelength measured in
the restframe of the emitting source, galaxy II. Let em be the wavelength measured in the inertial
frame of the comoving galaxies I and III at the time of emission. The Doppler shift (zpec) that
the comoving galaxies measure galaxy II to have at the time of emission is given by the special
relativistic Doppler shift formula,







or, solving for vpec,
vpec(zpec) = c
[
(1 + zpec)2 − 1
(1 + zpec)2 + 1
]
: (21)
When an object has zero peculiar velocity it must also have zero Doppler redshift, i.e., when
rest = em we have zpec = 0. In the chained galaxy example, the chained galaxy has a peculiar
velocity towards us and a local comoving observer measures photons the source emits in our direction
to be Doppler blue-shifted (−1 < zpec < 0).
In an expanding universe the cosmological redshift due to the expansion of the universe is,








where aem and aobs are the scale factors at the time of emission and the time of observation
respectively. The relation between recession velocity (at emission) and redshift due to the expansion
of the universe is,






(e.g. Harrison 1993, equation (13)). There is an important dierence between equation (20) and
equation (22). Equation (20) describes the redshift due to movement through space, zpec, while
equation (22) describes the redshift due to the expansion of space, zrec. They have the same low
redshift approximation (e.g. Davis & Lineweaver 2001). We are interested in the total observed
redshift ztot which can be calculated by combining the redshift contributions from recession velocity
and from peculiar velocity,










1 + ztot = (1 + zrec)(1 + zpec) (26)
Now we can answer the question, \What combinations of vpec and vrec make ztot = 0?" Setting
ztot = 0 in equation (26) yields,
(1 + zpec) = 1=(1 + zrec): (27)
For a given vrec we use equation (23) to calculate zrec (for a particular cosmological model). Equa-
tion (27) then gives us a corresponding zpec and with equation (21) we can solve for vpec. The result
is the combination of peculiar velocity and recession velocity required to give a total redshift of zero.
This is shown in Figure 6 for four representative models. The fact that these curves deviate from
the vtot = 0 line shows that the vtot = 0 initial condition of the chained galaxy is not equivalent to
ztot = 0. Even in an expanding, empty, q = 0 universe (upper right Fig. 2 and Fig. 6) a galaxy at a
constant distance will be blue-shifted. An analytic derivation of the solution for the empty universe
is given in Appendix B. For a given recession velocity, whether the peculiar velocity needed to give
ztot = 0 is larger or smaller than that recession velocity depends on the cosmological model (see
Fig. 6, lower left).
The fact that approaching galaxies can be redshifted and receding galaxies can be blue-shifted
is a dramatic illustration of the fact that cosmological redshifts are not Doppler shifts (Harrison
1993). The naive expectation that vtot = 0 implies ztot = 0 does not agree with the general
relativistic description of the expanding universe.
4. OBSERVATIONAL CONSEQUENCES
Our main goal in this paper has been to clarify the nature of the expansion of the Universe by
examining the chained galaxy problem. The range of peculiar velocities of galaxies in the universe
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(2000 km/s, vpec  0:01 c) is too low for the considerations here to make a dierence in the
calculations of redshift distortions in galaxy surveys and the conversion from redshift space to
physical space. The distinction between the nature of peculiar velocity and recession velocity only
becomes important for v > 0:2 c (i.e., z > 0:2, see Fig. 6).
However, there are real physical systems that correspond to the chained galaxy situation
and should be blue-shifted as described above. Some compact extragalactic radio sources at high
redshift (active galactic nuclei, AGN) beam relativistic plasma in our direction. Thus the jet
directed towards us (and the occasional knots in it) are analogs of a chained galaxy and candidates
for the class of receding blue-shifted objects. Figure 7 expresses the same information as Figure 6
except in terms of the observables of an AGN jet.
When the redshift of the central source corresponds to a recession velocity larger than the
peculiar velocity of the jets, then the jet directed towards us, recedes from us (vtot > 0). However,
we predict that radiation from the jet will be blue-shifted. Unfortunately the jets emit synchrotron
radiation rather than distinct line spectra and no emission features, absorption features, or knee in
the spectrum have been identied that can be used to measure the jet’s blue-shift. This may become
possible in the future. Nevertheless, we can predict which radio sources have receding blue-shifted
jets. The radio source 1146+531, for example, has a redshift zrec = 1:6290:005 Vermeulen (1995).
In an (ΩM;ΩΛ) = (0:3; 0:7) universe, its recession velocity at the time of emission was vrec  1:0 c
(for discussion of the observability of objects with recession velocities greater than the speed light
see Murdoch 1977, Stuckey 1992, and Harrison 1993). Therefore the relativistic jet (vpec < c) it
emits in our direction was (and is) receding from us and yet, if the parsec scale jet has a peculiar
velocity within the typical estimated range 0:8 < vpec=c < 0:99 it will be blue-shifted. This example
is the point plotted in the upper left panel of Figure 6. Nor are these kinds of sources rare (e.g.
Vermeulen & Taylor, 1995).
Thus, we have demonstrated through the chained galaxy problem that the expansion of the
Universe does not exert a force on objects within it, comoving or otherwise. Only the acceleration
of the Universe can change the total velocity of objects. However, it is important to distinguish
‘expansion through space’ from ‘expansion of space’ because of the dierence between the special
relativistic calculation of redshift and the cosmological redshift. This is made evident by the fact
that, in an expanding universe, objects with a total velocity of zero, in general have a non-zero
redshift.
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A. RELATIVISTIC SOLUTION OF PECULIAR VELOCITY IN A
COLLAPSING UNIVERSE
When a universe collapses the scale factor a decreases. Thus vpec / 1=a (equation (6)) means
that peculiar velocity increases with time. Therefore, in collapsing universes, unchained galaxies do
not ‘join the Hubble flow.’ This is shown for the (ΩM;ΩΛ) = (2; 0) model in Figure 3. Collapsing
universes require the relativistic formula for the change of peculiar velocity to avoid the innite
peculiar velocities which result from vpec / 1=a as a ! 0. To produce all gures in this paper,
except the lower panels in Fig. 4, we have used p = mvpec. However, as peculiar velocities become
relativistic in a collapsing universe, we need to use the special relativistic formula for momentum






Therefore, as a! 0, vpec ! c. Equation (A1) was used to produce the lower panels of Fig. 4.
In collapsing universes we can nd examples of approaching-redshifted objects. In the collaps-
ing phase all galaxies are approaching us, however, if the galaxy is distant enough such that the
scalefactor at emission was smaller than the scalefactor at observation it appears redshifted even
though, at the time of observation, it is approaching us. This diers from the AGN jet example in
that the recession velocity for the AGN was calculated at the time of emission, and the AGN jet
may appear blue-shifted even though the jet never approaches us.
B. ANALYTIC SOLUTION FOR THE EMPTY UNIVERSE
In the empty (ΩM;ΩΛ) = (0; 0) universe, an analytic solution can be found for the combination
of recession and peculiar velocity which would give a redshift of zero. For an empty expanding
universe H(z) = H0(1 + z) and the time derivative of the scalefactor at emission, _aem = H0.
Therefore equation (23) becomes,






= c ln (1 + zrec) (B2)
evrec/c = 1 + zrec: (B3)







This gives the thick black z = 0 line in Figure 6, upper right panel.
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Fig. 1.| (a) A small distant galaxy (considered to be a massless test particle) is chained to an observer in
a large galaxy. The proper distance to the small galaxy remains xed; the small galaxy does not share the
recession velocity of the other galaxies at the same distance. The chained galaxy problem is: \What path
does the small galaxy follow when we unhook the chain?" (b) Drawn from the perspective of an observer
in the local comoving frame of the distant galaxy, the distant galaxy has a peculiar velocity equal to the
recession velocity of the large galaxy. Thus, the chained galaxy problem can be reduced to \How far does
an object, with an initial peculiar velocity, travel in an expanding universe?"
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Fig. 2.| Solutions to the ‘chained galaxy’ problem (equation (10)). For four cosmological models we unchain
a galaxy at a distance of D0 = 100 Mpc with an initial peculiar velocity equal to its recession velocity (total
initial velocity is zero) and plot its path. In each case the peculiar velocity decays as 1=a. As the galaxy
joins the Hubble flow its comoving position approaches the comoving position labelled ‘asymptote’. Its nal
position depends on the model, even though the initial conditions were the same. In the (ΩM; ΩΛ) = (0:3; 0:7)
model for which the universe is accelerating, the unchained galaxy recedes from us as it joins the Hubble flow,
while in the decelerating examples, (ΩM; ΩΛ) = (1; 0); (0:3; 0), the unchained galaxy approaches us, passes
through our position and joins the Hubble flow in the opposite side of the sky. In the (ΩM; ΩΛ) = (0; 0)
model the galaxy experiences no acceleration and therefore stays at a constant proper distance as it joins
the Hubble flow (equation (18)). Thin dotted lines represent the worldlines of comoving galaxies. We are
the comoving galaxy represented by the thick dashed line.
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(1,0)    asymptotes (0,0) (0.3,0.7)
(2,0)
Fig. 3.| Solutions to the chained galaxy problem in comoving coordinates (equation (9)) for ve cosmo-
logical models. In all models the comoving coordinate of the unchained galaxy decreases (because our initial
condition specied a negative peculiar velocity). In models that do not recollapse the unchained galaxy
coasts and approaches an asymptote (represented by gray lines with the model indicated on the upper axis)
as it joins the Hubble flow. The rate of increase of the scale factor determines how quickly an object with
a peculiar velocity joins the Hubble flow. In the accelerating universe (0.3,0.7) the perturbed galaxy joins
the Hubble flow more quickly than in the decelerating universes (1,0) and (0.3,0), with the (0,0) universe
in between. The (ΩM; ΩΛ) = (2; 0) model behaves dierently to the others because it is the only model
shown which recollapses. In the recollapsing phase of this model the galaxy’s peculiar velocity increases as a
decreases and the galaxy does not join the Hubble flow. The dierent models have dierent starting points
in time because the current age of the universe is dierent in each model.
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Fig. 4.| Upper panels: The deceleration parameter q(t) determines the acceleration of the unchained
galaxy (equation (18)) and can change sign. This particular model shows the eect of q (right panel) on
the position of the unchained galaxy (left panel). Initially q > 0 and the proper distance to the unchained
galaxy decreases (as in an (ΩM; ΩΛ) = (1; 0) universe), but q subsequently evolves and becomes negative,
reflecting the fact that the cosmological constant begins to dominate the dynamics of the universe. With
q < 0, the acceleration D¨ changes sign. This makes the approaching galaxy slow down, stop and eventually
recede. Lower panels: The (ΩM; ΩΛ) = (2; 0) universe expands and then recollapses ( _a changes signs),
peculiar velocity increases and approaches c as a! 0 (equation (A1)).
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Fig. 5.| This gure repeats Figure 2, but this time the origin is taken to be at the original position of
the chained galaxy. That is, we are viewing the situation from the perspective of Fig. 1b rather than the
perspective of Fig. 1a as we had done in Figures 2, 3 and 4. From this perspective, our galaxy has a recession
velocity. Moving the origin de-emphasises our position and emphasizes the common feature of all the models:
in each case the unchained galaxy’s peculiar velocity decays until it joins the Hubble flow, irrespective our
galaxy’s position.
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Fig. 6.| These graphs show the combination of recession velocity and peculiar velocity that result in a
redshift of zero, for four cosmological models (thick line). The purpose of these graphs is to display the
counter-intuitive result that in an expanding universe a redshift of zero corresponds to a non-zero total
velocity. Gray areas show the surprising situations where receding galaxies appear blue-shifted (dark gray)
and approaching galaxies appear redshifted (light gray). Other models (e.g. (ΩM; ΩΛ) = (0:05; 0:95)) can
have both approaching redshifted and receding blue-shifted regions simultaneously. Recession velocities
are calculated at the time of emission; the results are qualitatively the same when recession velocities are
calculated at the time of observation. See Section 4 for a discussion of the AGN jet data point in the upper
left panel.
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Fig. 7.| This graph expresses the same information as Figure 6 in terms of observables. An AGN with the
central source of redshift zrec, is assumed to be comoving. The observed redshift of a knot in a jet, ztot, is
the total redshift resulting from the peculiar velocity of the jet and from the cosmological redshift (equation
(26)). The ztot = 0 boundary separates the redshifted region (upper) from the blue-shifted region (lower).
The curves correspond to a total velocity of zero ( _D = 0) for dierent models, (ΩM; ΩΛ), as labeled. The
regions representing receding objects and approaching objects are indicated for the (ΩM; ΩΛ) = (0:05; 0:95)
and (ΩM; ΩΛ) = (0; 1) models as examples. In contrast with expectations based on special relativity, receding
objects are not necessarily redshifted, nor are blue-shifted objects necessarily approaching us.
